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Traditional "smog chamber” SOA

Volatile

Organic O O
Compound .
>C7 _ _
Oxidation

(+OH, NO,, O,)

Semi-volatile

Products ‘ ) Condensation ¥
Volatile Evaporation
products Partitioning into OM - |
Gas-phase Pankow 1994 AE pre-existing particle
Reactions

Odum 1996, ES&T

Precursors must be large (>C7) to produce high yields
because partitioning depends on product vapor pressure




While important, fails to explain:

*Predictive models capture organic aerosol poorly (Halquist ACP 2009)

«Atmospheric O/C > smog chamber O/C  (aiken EST 2008)

atmos. HOA =0.06-0.1
atmos. OOA-SV =05-0.6
atmos. OOA-LV =08-1.0
sm. chamber SOA =0.3-05

Liquid water may be more accessible than OM
e.g., high humidities of eastern US



SOA

¢ Cloud
evaporation

Isoprene NO,,
\)}\ alkenes,

In Clouds and Fogs:

T aromatics

Hypothesis: Blando and Turpin, AtmosEnv, 2000
Gelencser and Varga, ACP, 2005

= Qrganic gases are oxidized forming
water-soluble compounds.

= These partition into cloud droplets
and react further (e.g., by -OH).

= Cloud droplets evaporate, lower
volatility products remain, forming
SOA.

and in Aerosol Water:

Hypothesis: Carlton AtmosEnv, 2007
Volkamer GRL, 2007

= Water-soluble gases partition into
aerosol water and react.

= Lower volatility products remain,
forming SOA.



SOA through Aqueous Chemistry:

Partitioning driven by water solubility Lmplications

eorganic PM loading
evertical distribution
edifferent precursors

@ SoA (Volkamer ACP, 2009)
oligomerizationt Cloud Droplet Evaporation -product Oo/C~1
Clo @® . oty

Wet aerosol

products

~uM

Partitioning

Organic/
_ — iInorganic
oligomerizationgoa / constituents

Aerosol water
(LWC)

@  olyoxal evaporation

glyoxal PN
Volatile but glyoxal uptake

Highly water soluble e
OH Partitioning

)4

Isoprene “‘




Previous research:

Major products of OH radical oxidation verified (=Z1mM)

ISOPRENE + oxidants (-OH, O;, NOy)
Gas phase o | 3 NO;

HOCH,CHO CHOCHO CH,COCHO
(glycolaldehyde) (glyoxal) (methylglyoxal)
HOCH,CH(CH), — (OH),CHCH(OH), CH;COCH(OH),

* (hydrated glyoxal) \
HOCH,COOH I CH;COCOOH
(glycolic acid) \ (pyruvic acid)

(OH),CHCOOH <——— CH,COOH

(glyoxylic acid) (acetic aci&x
v
HOOCCOOH CH,(OH),
<+ Phase transfers (oxalic acid) (formaldehyde - hydrated)
— Rxs with <OH !
‘_
Aqueous phase €O, HCOOH

(formic acid)

Carlton GRL 2006, AE 2007; Altieri EST 2006, AE 2008: Perri AE 2009



Previous research:

Cloud chemistry/parcel model predictions

Demonstrate kinetic feasibility of SOA formation through cloud
processing using (mostly) measured rate const.

Rate constants available from cloud and wastewater literature
Herrmann, Monod, Stefan and Bolton

Warneck AE 2003; Ervens JGR 2004; Lim EST 2005

Questions:

How does precursor concentration matter?
How do high molecular weight products form?
Can the chemical model reproduce experiments?

How do anthropogenic emissions impact biogenic
*aqueous” SOA formation?



Improved Prediction of In-Cloud Biogenic SOA

Overall Goal:

Improve the simulation of secondary organic aerosol (SOA)
formation through atmospheric agueous chemistry

Approach:

« Conduct aqueous experiments at cloud concentrations and +
HNO, (glyoxal/ methylglyoxal + OH)

 Validate/refine aqueous chemical mechanisms; update the cloud
chemistry model

e Add in-cloud SOA formation to CMAQ

e Begin to explore the magnitude of in-cloud SOA formation and
role of NO,/HNO, in SOA formation from isoprene through
cloud processing



[
This Project

Roles of NOx in Agueous SOA from Isoprene:

1. Gas phase formation of atmospheric oxidants

2. (as phase formation of water soluble carbonyls

3. Aqueous NO, — catalysis, organic nitrogen products?

N

Project Experiments

Modeling
(collaborators)
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Presentation Notes
NOx – a largely anthropogenic pollutant


Aqueous-Phase Reactions with Product Analysis

Goal: Validate/Refine Aqueous Chemistry Model

Experiments

10 - 3000 pM ORG
H,O,+hv-> -OH (~10-12M)
2-5 pH

+ HNO,, NH,

ORG: glyoxal, methylglyoxal

Controls

ORG+Prod+UV  + HNO,, NH,
ORG+Prod+H,0O, + HNO,, NH,
UV+H,0,

On-line ESI MS; IC-ESI-MS; FT-ICR MS; ESI-MS-MS,
UV or IC for organic acids, DOC for mass balance, H,0O,



Precursor/products modeled in reaction vessel:

Methylglyoxal + OH radical

30

methylglyoxal
- j

pyrUViC aCid -‘OH | Acetic acid

/ | Formaldehyde

H,0; s Glyoxylic
PR3 acid

formic acid

25

1t

i

20

16

/ acetic acid

iy

oxalic acid
10

Concentration (uM)

— glyoxylic acid, formic acid, formaldehyde

————
0 50 100 150 200 250 300 350

Time (min)

Tan AE, 2010



Dilute aqueous chemistry model reproduces oxalic,
pyruvic acid and total organic carbon at 30 uM
Glyoxal Methylglyoxal

A ' 300 uM

204 A, | 300 uM methylglyoxal

Model Prediction
a |
0] @ = NoH,SO, ? {'; ! f [
25 N 81 ot
* o 280 uM H,SO, ;. Cloud relevant
F TS 840uMHSO, 61 S B S
15 ¢ o i ~
10 p " ] | 30 MM
i
A - | 30 uM methylglyoxal +
5 30 uM glyoxal s 2 i /¢ 0.15 mM H,O,
z 0 T T T T T T v I 0 £
‘ 0 50 100 150 200
3.
N 100
&
s N LTSS
: i
< f 1}
O
©
&

Oxalic Acid (uM)

. u;'ﬂ + 1.? mM HZOZI
400
300 i % i 2
P LI ]
SEEE I 3000 uM
200 } %
L B without H,SO,
b 280 uM H_SO
100 H SO,
! 3000 pM glyoxal it A 840uMH,SO,
0 ‘555 model prediction
1 M L] M 1 M L] 0 & . . . .
0 S0 100 150 200 0 100 200 300 400
Time (min) Time (min)

Tan EST 2009; AE 2010



Oxalate formation verified with IC ESI-MS

Methylglyoxal (3000 uM) + OH radical (10-12 M)

(180 min)
IC
Conductivity (uS)
0 5 10
0 2 1 2 1
Acetic acid | A+B

Pyruvic acid

101

20 4
Oxalic acid

w
o
1

Time (min)

contaminant 1

H

N
o
L

r c

Abundance

I Methylglyoxal I

~

ESI-MS

3000] 75 93 141 A+B I Pyruvic acid I
2000 }l ;
! |||| 1 . .
1000 .OH IAcetlc acid I

s 87
2x10 C
1;05 I Formaldehyde I l

l H,0; o Glyoxylic ‘
92 : Lot .
4000 contaminant 1 A aC|d
2000 | I formic acid I l
2x10 g7 1119 ] I Oxalic acid I
1x10* ‘
Ll i s
\ 89 | . .
— Oxalic acid (pk I, m/z- 89)
117 ]
0 160 200 300
m/z

Tan AE, 2010



Methylglyoxal experiment with IC ESI-MS

Oxalic acid forms only in the presence of OH radical

Methylglyoxal (3000 uM) + UV

(180 min)
IC ESI-MS
Conductivity (uS) -
0 10 20 30 40 %0 191 unknown1
0 Lol ead
. . T unknown 1 40|
Acetic acid s A o]
Pyruvic acid |
C 0. ‘|L J‘
104
3107 89 A
15 3
-‘E 210
. ., 204 _§1x105—
Oxalic acid | © 2
0.
25
] ax10'] 87 c
= 304 ex10° 89
s 1 4101
o B 20, 143157
E -f 0. ]‘-3]{[ Lol dloal, 1 " ;
40- 0 100 200 300
m/z

No oxalic acid
forms in control
experiments

Time (min)

Methylglyoxal (3000 uM) + H,O,

104

154

20+

254

304

35+

113

hlgg
R

IC ESI-MS
Conductivity (uS)
0 20 40 60 80
_S A
] (" B
191
] 6x10° A+B

m/z

No oxalic acid
forms in control
experiments

Tan AE, 2010



Addition of HNO, (1.7 mM) or (NH,),50O, (0.84 mM)
to glyoxal (1 mM) and OH radical (~10"*> M)

Glyoxal IC Experiments - Oxalic Acid Trends
400

350

Fa-
il e

$ 3
o 300 I4
S - ; 1 ;
= 250 o : ]
g - R
£ 200 3 I e GLY+OH
: [
§ 150 . 3 ® GLY+OH+NO3
5 ] e e [ o GLY+OH+NH4
O 100 - : T
] . .
! [ » E
S0 a i
C] ]
0 S0 100 150 200

Experiment Time (min)

Little effect on oxalate (slighly faster decay with nitric acid)
No change in nitrate or sulfate throughout the reaction
No discernable change in IC ESI-MS

Might still form enough organic-N to observe by FT-ICR MS
Kirkland, in prep



Impact of NOx on SOA from isoprene through cloud proc.

Cloud contact time ] :
1o [ oo = Note: higher SOA Yield (%) =
o reom2 . yields with higher mass C in SOA
e’ NOx because more mass isoprene C
S o gas phase production
> 5 of water soluble
4<
carbonyls . .
g y Feingold microphys.
0 10 20 30 40 50 60
< [min '} VOC/NOx cloud model
" @y vocio,=100] o . | Trajecoy1
07{ =069 o« 7 = B Trascrys emultiple cycles
S o - S g estratocumulus
S e e shee %o 20 L. epartitioning of wsoc
Q " 2 15 .
> 0.4 1 -o.. .o ° > 10 ® 4 gaS+aq Chem
°p e 5 ‘o *Ervens aq chem
0'30 10 20 30 40 50 60 00_1 o 10 | .X:O ealtered Gly, PA chem
t[min h™] VOCINO,

Ervens GRL 2008
Ervens ACP 2010



Model deviates from measurements at higher
concentrations — what happens in wet aerosols?

Glyoxal

35 Model Prediction
30 = NoH,SO,

= ® 280 uMH,SO,

20

A 840 pMH,SO,

T T T T T T
0 50 100 150 200

Time (min)

Oxalic Acid (uM)

104

=

o

o
1

®
o
n

<}
o
n

N
o

n
o
n

o

300 4

2004

100 4

Methylglyoxal

30 uM methylglyoxal +
0.15 mM H,0,

o N e o0 o]
1 1 1 1

300 uM methylglyoxal

4 +1.5 mM H,O,

ity
]
P i,
1o
PO B without H,S0,
. ® 280uMHSO,
it A 840uMHSO
i 2 4
——model prediction

T T T 1
100 200 300 400

Time (min)

Cloud relevant
~30 uM

300 uM

3000 uM

Aerosol

relevant
~1-10 M



«High MW products Methylglyoxal (ImM) +-OH

(a) ESI-MS
69 min. neg mode
Q/C~1 10000 9 o 500000 [ Too
£ 400000
. . i 2 300000
*Not seen in std mix § 5000 2 200000 | %
(not ESI artifact) T 6000 - s AL L
3 2000 0O 100 200 300
. o] 7 m/z
*Not in controls (-OH S oo
Involved)
EEEEREERNT LTI VTRV RE TR WETER TS g
50 100 150 200 250 300 350 400 450 500\ 550 6001000
m/z
(b) ESIFT-ICRMS ., 4
: : 69 min. neg mode  z77.070380 C2sM139%
Ultra high resolution 465.177920
40 -
FT-ICR MS (9.4 T) ) o
1 < 16" 11914
prOVIdeS exact % CyH130y; 435075990 1C H,,0,
elemental Comp > T 2 393.044360 476.99925
= 20 -
m/z 300 &
a C13H15012
363.054800

0
300 350 400 450 500

Peak Location
*Electrospray ionization Fourier transform-ion cyclotron resonance mass spectrometry

Altieri AE 2008



Chemistry at Higher Concentrations—Methylglyoxal

0 10 20
2 2 1

Conductivity (uS)

10-

Time (min)

N
(6]

304

354

unknowAn/5 '
o 1x10% 103| 133 F
= 50" | l177
T o L.
= 4
< H

40-

4 87

Formation of

higher C# products

4x10* A+B+C
= 2x10" 75 131161175
0 LL14|14M
6x10%
unknown 2 | 177
3x10*
0
6x10" 177 E

RT of Succinic acid (m/z- 117)

Oxalic acid (peak I, m/z- 89)

' 221
0.
0 100 200

m/z

249 Higher-MW ions

263
300

Tan AE, 2010



Chemistry at Higher Concentrations—Methylglyoxal

Larger acids are important
2% %%%% products at higher
:gzooi ﬁ %E concentrations.
Y ﬂ _ _
S S : Formation of higher C#
§1oo-$ S % products suggests radical-
N ‘i radical reactions
200+ peak F quantified as malonic acid 400 - Ry
= | ; i1 {7
%150- §§§ i % = § %:300'.-’;
=R % = 1 ;
£ 100- %‘ " g 2004; &
5 ; = withoutH,SO, o [} T
S 504 5}% ° 280 uMH,SO, 6‘3 1004 }. .
. » 840 uM H_SO, 1] abt
O_J I . I . T y ) 0 v T v T v T v |
0 100 200 300 400 0 100 200 300 400
Time (min) Time (mln)

(Tan AE 2010)



0 o 20 HO o, HO ~ OH HO ~ OH
\ " 5 > < —- N ho
7 T HO  OH HO  OH
glyoxal
r?'é’m;a:j * l decomposition
(hydrated) de composition RO, HO OH
>‘ + O:<
HO 0
*
h drated
HO, O © /l_\‘ wo,
+ H02 i 2
HG OH \> 2 formic acid
1 glyoxylic acid HO
(hydrated)
OH HO O HO O o /P
O . ~
YL e g0 A oA o,
H,0 HO R* OH Ho or "o >
3 decomposition
decomposition 2 HO )
l /EO + </
) . HO 4 OH*
+ Ho, (hydrated) R*
HO OH
3 oxalic acid 02/1_\ b
CO,
4
OH 0 O decomposition O
\_// > .+
HO/ <O' > s
H,0 "R

Oz/,f‘ HO,

Aqueous Mechanism - Glyoxal

co,
4

Y Lim ACPD 2010



Model produces oxalate at cloud-relevant
concentrations and oligomers at aerosol-relevant

glyoxal concent
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ass BAzed Yield
o/ - =
="

-

]

Maximum Mazs Bage
= L= (=]
& o @

L=l
E ]

(=]
[=]

e
m

sl

S
1o

0 162 10 10 100 10"

-
e

2 °"y
E [+1:]
= 04
g 0.2 H ﬂ
o0 . . ; = | . !
108 b [ 10% [ 10 100 100
Cloud wet aerosol

M

44907

rations (OH radical =101

s (C;+4C, dimers)

with increasing initial concentrations of gh;nxa] for aqueous-phase rea?:tinns with OH radicals:
(A) for lab conditions (OH radical is generated by H,O, photolysis; H,O, also reacts with
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Jaded uoissnosiq

i REAR KNE
: II I“l il

ladeq uoissnasig

(cc) 1)

Y Lim ACPD 2010



Chemistry in wet aerosols — complex

*Photolysis and photooxidation reactions

*Reactions of organics with ammonium and amines to form
organic-nitrogen compounds

*Reactions of organics with sulfate to form organic-sulfates

*Acid and ammonium catalyzed oligomerization

Investigators include:

Anastasio, Claeys, Cordova, de Haan, Flagan, Galloway, Grgic, Guzman,
Hoffmann, Jimenez, Keutsch, Liu, Maenhaut, Michaud, McNeill, Monod,
Noziere, Sareen, Seinfeld, Shapiro, Sun, Tolbert, Volkamer, Wortham,
Yasmeen, Zhang



SOA formation
from glyoxal
increases with LWC

SOA formation
faster with OH
radical (light)

Volkamer ACP 2009

(Seed: ammonium bisulfate +
humic acid salt; acetylene;
hydrogen peroxide; light/dark)

© Aurhor(s) 2009 This wark is distributed under Chemistry
the Creative Commons Attribusion 3.0 License. and Physics

Atz Chem Ploys | &, 1907-1028, 2008 — 1.—|‘I -
W Atmos-chem-phyvs. et ™ 1 0072008 @ Atmr.:-spherlc

Secondary Organic Aerosol Formation from Acetvlene (C;H;): seed
effect on SOA vields due to organic photochemistry in the aerosol
aqueous phase

B Vollcamer' =, B J. Ziemann’, apd X J. Molina™

| Depr. of Chemisiry amd Biochemistry and CTRES, University of Colomdo at Boulder, 00, T75A
“Drept. of Chenizmy and Biochemisry, University of Califimia San Ciego, La Jolla, CA USA
* Air Polhafion FRecearch Cenfer, University of Califormia, Biverside, Erversids, CA 154
Recened: 1 Fuly 2005 — Published in Atmos. Chem Phys. Dismass.: 5 August 2008

Bevizad: 4 Fehrary 2009 — Acrepted: 4 March 20049 — Publizhed: 19 March 20042

B Volkamer et al ; WD photochemistry of CHOCHD

33 o T T T
a1 | Laimng 0N
aa
T 18
"..2 18
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i 18 ohisminalc .
= ; fﬁ — Dark reaction
14 4 -
13 ﬁ E

420 36 80 30 @ 30 80 80 120
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,SOA through cloud processing now in CMAQ (yields)

e
‘;g.n..-

: yais
= S

“Aqueous”
magnitude to “smog chamber” SOA

(Chen ACP 2007; Fu JGR 2008; Carlton
EST 2008; Fu Atmos.Environ. 2009)
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ICART – Aug 14 – “cloud exp”

Yield 4% by … range…


Overview (Lim et al., ACPD 2010)

*Predictive models capture organic aerosol poorly

agueous SOA precursors different (Volkamer ACP 2009)
Improved with “aqueous” SOA (Carlton EST 2008)

sAtmospheric O/C > smog chamber O/C  (aiken EST 2008)
atmos. OOA-LV =08-1.0

atmos. OOA-SV =05—-0.6
sm. chamber SOA = 0.3 -0.5
aqueous SOA = 1-2

eSometimes liquid water is more accessible than OM
e.g., high humidities of eastern US

*Atlanta - SOA is correlated with liquid water
Atlanta (Hennigan GRL 2008; Hennigan ACP 2009)

*Anthropogenic pollutants generate biogenic SOA
higher yields for agueous SOA from isoprene at high
NOX (Ervens GRL 2008)
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